Collagen-I is the most abundant protein in the human body, yet our understanding of how the endoplasmic reticulum regulates collagen-I proteostasis (folding, quality control, and secretion) remains immature. Of particular importance, interactomics studies to map the collagen-I proteostasis network have never been performed. Such studies would provide insight into mechanisms of collagen-I folding and misfolding in cells, an area that is particularly important owing to the prominence of the collagen misfolding-related diseases. Here, we overcome key roadblocks to progress in this area by generating stable fibrosarcoma cells that inducibly express properly folded and modified collagen-I strands tagged with distinctive antibody epitopes. Selective immunoprecipitation of collagen-I from these cells integrated with quantitative mass spectrometry-based proteomics permits the first mapping of the collagen-I proteostasis network. Biochemical validation of the resulting map results in the assignment of numerous new players in collagen-I proteostasis, and the unanticipated discovery of aspartyl hydroxylation as a new posttranslational modification in the N-propeptide of collagen-I. Furthermore, quantitative analyses reveal that Erp29, an abundant endoplasmic reticulum proteostasis machinery component with few known functions, plays a key role in collagen-I retention under ascorbate-deficient conditions. In summary, the work here provides fresh insights into the molecular mechanisms of collagen-I proteostasis, yielding a detailed roadmap for future investigations. Straightforward adaptations of the cellular platform developed will also enable hypothesis-driven, comparative research on the distinctive proteostasis mechanisms engaged by normal and disease-causing, misfolding collagen-I variants, potentially motivating new therapeutic strategies for the currently incurable collagenopathies.
are determined, in large part, by the upstream, intracellular processes of collagen-I folding, modification, and quality control. These processes are governed by the endoplasmic reticulum's (ER's) proteostasis network. 2 Imperfections in collagen-I structure, most often caused by missense mutations in collagen-I genes, lead to debilitating diseases known as the collagenopathies, including osteogenesis imperfecta and Ehlers-Danlos Syndrome. 3, 4 A key underlying problem in these typically autosomal dominant disorders is the failure of the ER's proteostasis network to properly fold and/or subject misfolding collagen-I variants to quality control. 5 Understanding the mechanisms of collagen-I proteostasis in the ER is therefore essential not just for our basic understanding of collagen biogenesis, but also for the long-term development of therapies for the collagenopathies.
The process of folding and secreting collagen-I is highly complex. Collagen-I triple helices are 2:1 heterotrimers of collagen-α1(I):collagen-α2(I) strands. Both this stoichiometry and the overall triple-helix register are governed by nucleation at the disulfide-linked C-terminal propeptide domain. 6 Consequently, nascent >1200 amino acid collagen-I polypeptide strands must remain in a monomeric, unfolded form until their C-termini enter the ER, fold into native disulfide-bonded globular states, and properly associate. Extensive co-and posttranslational modifications including glycosylation and hydroxylation must also be completed prior to triple-helix folding. 7 During triple-helix formation, peptidyl prolyl isomerases (PPIases) act to convert the hundreds of prolyl peptide bonds to the trans configuration required in folded triple helices. 8 In contrast to the marked complexity of collagen-I production, our knowledge of the proteostasis mechanisms that assist the process remains incomplete. Many of the known players were discovered as a result of either their relative abundance in collagen-producing cells (e.g., HSP47) 9 or via the identification of a genetic defect that causes a collagenopathy (e.g., CRTAP). 10 Despite these seminal discoveries, many questions still remain. For example, the roles of the extensive lectin-based ER chaperone and quality control machineries in collagen-I folding are poorly understood. Additionally, proteins responsible for surveying nascent collagen-I structure and directing misfolding or aggregating strands to clearance or unfolding/refolding mechanisms remain unknown. [11] [12] [13] A detailed, well-validated map of the collagen-I proteostasis network is essential to begin to answer these and many other questions regarding collagen-I biogenesis. Unfortunately, appropriate reagents and cell culture model systems for molecular biology, genetics, and proteomics experiments on full-length collagen-I are either unavailable or unwieldy. A further complication is the lack of immunoprecipitation/mass spectrometry (IP/MS)-grade collagen-I antibodies, precluding systematic, proteomics-based characterization of the collagen-I proteostasis network.
Herein, we report the development and application of an HT-1080 human cell-based platform for collagen-I studies that overcomes these challenges. Extensive characterization of the collagen-I produced confirms that native collagen-I folding and modification are faithfully recapitulated in our platform. We illustrate the value of the platform by performing quantitative, comparative proteomics characterization of the collagen-I interactome under biologically relevant experimental conditions. Biochemical studies validate the roles of identified novel interactome components in collagen-I production, and lead to the discovery of a novel collagen-I post-translational modification. Further mechanistic work delineates a role for the prominent, but largely unannotated, endoplasmic reticulum protein 29 (Erp29) in collagen-I quality control. Altogether, these applications of our platform yield both new insights and a compelling roadmap for continued studies of the mechanisms of production of this important extracellular matrix protein that is intimately associated with both normal and diseased states.
RESULTS AND DISCUSSION

Inducible Expression of Orthogonally Tagged Collagen-I Strands in Human Cells
We sought to create a robust and experimentally flexible platform for biochemical studies of collagen-I folding and misfolding that would allow us to (1) readily distinguish between distinctive procollagen-I (referred to throughout as "collagen-I") strands and (2) perform robust and reliable IPs of intracellular collagen-I to enable accurate mapping of its proteostasis network. We began by cloning both the COL1A1 and COL1A2 genes into pTRE-Tight vectors for doxycycline (dox)-dependent control of gene transcription. Because collagen-I folding begins at the C-terminus, 6 we incorporated a short (<10 amino acid) antibody epitope tag at the amino-terminus of collagen-I's N-propeptide domain, rationalizing that this location was unlikely to disrupt collagen-I folding or structure. We used the HA epitope and the FLAG epitope for wild-type collagen-α1(I) and collagen-α2(I), respectively, to facilitate individual strand isolation and identification ( Figure 1A) .
We next identified an appropriate cell line for heterologous expression of these collagen-I genes. HT-1080 fibrosarcoma cells secrete non-fibrillar collagen-IV, suggesting that they are capable of properly handling collagen-I without producing confounding endogenous forms of the protein. Indeed, HT-1080 cells were previously shown to permit the expression and secretion of thermostable, hydroxylated collagen-α1(I) homotrimers, 14 although native collagen-α1(I):collagen-α2(I) heterotrimer-producing cells have not been reported. We transfected HT-1080 Tet-Off cells that constitutively express the tetracycline transactivator with our wild-type HA-collagen-α1(I)-or FLAG-collagen-α2(I)-encoding pTRE-Tight vectors, selected for stable incorporation of the genes, and isolated genetically homogenous single colonies to analyze for collagen-I expression and secretion. We were thereby able to identify unique cell lines that display significant lysate and secreted levels of either protein ( Figure 1B) . We note that the complex banding patterns we observe are common for collagen-I owing to extensive proteolytic processing (for example, see immunoblots of native collagen-α2(I) secreted from primary fibroblasts in Figure 2B below).
Native collagen-I is a heterotrimer of collagen-α1(I) and collagen-α2(I). Therefore, with cell lines inducibly expressing either wild-type collagen-α1(I) or collagen-α2(I) in hand, we next transfected the FLAG-collagen-α2(I) expressing cells with the corresponding inducible HAcollagen-α1(I) plasmid, and again selected single colonies. We identified a cell line, termed HT-1080 Col-I cells, that inducibly expresses moderate levels of both collagen-α1(I) and collagen-α2(I) observable in the lysate and media using their respective antibody epitope tags ( Figure 1C) . We observe no apparent activation of unfolded protein response-regulated genes 15 in HT-1080 Col-I cells upon collagen-I induction (Figure 1D) , indicating that collagen-I expression at these levels in HT-1080 cells does not cause ER stress.
To ensure that the collagen-I is trafficking properly through HT-1080 Col-I cells, we employed confocal microscopy. We observe strong co-localization of collagen-I with ER markers (R mean = 0.45 ± 0.12), as well as partial co-localization with Golgi (R mean = 0.22 ± 0.06) and lysosomal markers (R mean = 0.19 ± 0.05) (Figure 1E ) in the absence of ascorbate (ER-retention conditions), consistent with previous studies. 16 We assessed collagen-I secretion kinetics using metabolic labeling and found that the majority of the collagen-I is secreted in <3 hours with minimal degradation, recapitulating endogenous collagen-I secretion kinetics in primary fibroblasts 17 (Figures 1F and 1G ) and further confirming that the HT-1080 cells are properly handling our collagen-I constructs.
Molecular Properties of Collagen-I Produced by HT-1080 Col-I Cells
We next asked whether the collagen-I produced by HT-1080 Col-I cells displays the expected molecular properties of endogenous collagen-I. We first tested for a direct intracellular interaction between the collagen-α1(I) and collagen-α2(I) strands. We observe that an IP of collagen-α1(I) using HA-antibody beads co-IPs collagen-α2(I), and also that the reverse is true when using FLAG-antibody beads (Figure 2A) . These results confirm the heteromeric assembly of collagen-α1(I) and collagen-α2(I) strands produced by HT-1080 Col-I cells.
The triple-helical domain of properly folded, extracellular collagen-I is resistant to proteases such as trypsin and chymotrypsin, 18 whereas poorly folded collagen-I is highly sensitive to proteolytic digestion. Indeed, we observe that collagen-I secreted from primary dermal fibroblasts that endogenously secrete the protein displays only a small shift in molecular weight upon protease treatment (Figure 2B) , consistent with propeptide sensitivity and triple-helical resistance. Collagen-I secreted from HT-1080 Col-I cells displays an identical pattern upon protease digestion (Figures 2B and S1A), confirming that the collagen-I produced is folded into a stable triple helix.
Native collagen-I undergoes essential co-and post-translational modifications during its folding and maturation in the ER. 7 Most important among these are the 4R-hydroxylation of Yaa-position Pro residues in the Gly-Xaa-Yaa repeats of the triple-helical domain, 1 3Shydroxylation of Xaa-position Pro residues, 19 and Lys hydroxylation. 7 To quantify the extent of collagen-I hydroxylation in HT-1080 Col-I cells, we used the stable isotope labeling by amino acids in cell culture (SILAC) technique 20 to generate light, medium, and heavy Lys-and Arg-labeled HT-1080 Col-I cells. Because ascorbate is an essential hydroxylase cofactor, 21 we induced collagen-I expression in the medium-labeled cells without ascorbate (ER-retention conditions 22 ) and in the heavy-labeled cells with ascorbate (secretionpromoting conditions), using the light cells as a control that expresses collagen-I lacking an HA tag. After IP of intracellular collagen-α1(I) using HA-antibody beads, MS analyses showed that any given hydroxylated collagen-I peptide is much more abundant in the ascorbate-treated sample, while non-or minimally-hydroxylated collagen-I peptides are relatively more abundant in the absence of ascorbate (Figure 2C presents representative data). As expected for an analysis of intracellular collagen-I, we observe a wide range of hydroxylation states for any given collagen-I peptide, ranging from no hydroxylation to apparently complete hydroxylation of Yaa-position Pro residues. None of the observed peptides ever display a larger number of hydroxylation events than should be possible based on the total number of Yaa-position Pro residues and Lys residues in a given peptide (Table  S1 ). Most notably, Pro986 in collagen-α1(I) and Pro707 in collagen-α2(I) are the two Xaaposition Pro residues where 3S-hydroxylation is known to occur in native collagen-I. 19 We observe both of these hydroxylation events in our MS analyses (see Figure S1B for MS2 scans). The hydroxylation is again ascorbate-dependent, as expected ( Figure 2D) . These results demonstrate that collagen-I produced by HT-1080 Col-I cells displays the known hydroxylation patterns of endogenous collagen-I.
Another key modification of collagen-I is N-glycosylation within the C-propeptide of collagen-I. Although the biological function of this conserved N-glycan remains unclear, 23 it is likely to enable interactions with the important lectin-based components of the ER proteostasis network. To test whether the collagen-I produced by our HT-1080 Col-I cells is N-glycosylated, we immunoprecipitated collagen-α1(I) and treated half of the eluate with PNGase-F, an endoglycosidase that hydrolytically cleaves N-glycans. The treated and untreated samples were separated by SDS-PAGE and the subsequent immunoblot was probed with concanavalin A (ConA), a lectin that recognizes N-glycans. In the absence of PNGase-F treatment, we observe a ConA signal that overlaps with the signal for collagen-α1(I), while treatment with PNGase-F eliminates ConA reactivity, confirming that the collagen-I produced by our HT-1080 Col-I cells is indeed N-glycosylated (Figure 2E) .
Cumulatively, the results in Figure 2 indicate that our HT-1080 Col-I cells produce heteromeric, proteolytically stable, and properly modified collagen-I, faithfully recapitulating key molecular properties of the native protein. These findings strongly motivate the application of HT-1080 Col-I cells as a convenient platform both for mapping the collagen-I proteostasis network and for more detailed mechanistic biochemistry studies.
Covalent Crosslinking for Robust Co-Immunoprecipitation of the Collagen-I Proteostasis Network
We found that we can reliably IP collagen-α1(I) using HA-antibody beads or collagen-α2(I) using FLAG-antibody beads (Figure 2A ). However, a pilot MS study of the coimmunoprecipitated interactome identified a very limited suite of interactors ( Figure 3A) . The failure to observe even well-established components of the collagen-I proteostasis network, including the lysyl hydroxylases and the PPIases, suggested to us that most proteostasis network interactions with collagen-I are too transient to be maintained during a traditional IP, as has been observed for other ER proteostasis network client proteins. 24, 25 To resolve this challenge, we immortalized interactions with collagen-I in live HT-1080 Col-I cells by incubating with the cell-permeable, lysine-reactive, and reversible crosslinker dithiobis(succinimidyl propionate) 26 (DSP; Figure 3B ). Collagen-α1(I) displays 57 lysine residues distributed along the length of the protein, so it is in principle possible to identify interactors that engage each collagen-I domain using this crosslinking strategy. We found that a 30 min treatment with 200 µM DSP followed by rapid quenching with Tris buffer is optimal to stably co-IP known, well-established collagen-I proteostasis network components (Figures 3C and S2) 
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Quantitative Proteomic Mapping of the Collagen-I Proteostasis Network
Having demonstrated that well-established collagen-I interactions can be identified by immunoblotting after covalent crosslinking, we shifted to a quantitative MS proteomics approach to enable unbiased mapping of the collagen-I proteostasis network. Using the light, medium, and heavy SILAC-labeled HT-1080 Col-I cells described above, we induced collagen-I expression, performed covalent crosslinking with DSP, and then used HAantibody beads to IP collagen-α1(I) and its interactors in biological triplicate (Figure 4A) . The light-labeled negative control HT-1080 cells inducibly expressed collagen-I lacking the HA epitope. The medium-and heavy-labeled HT-1080 Col-I cells (both expressing HAtagged collagen-α1(I)) were treated without or with ascorbate, creating ER-retention and secretion-promoting conditions, respectively. Ascorbate is an essential co-factor for the hydroxylases required for proper collagen-I biogenesis. 21 Therefore, we hypothesized that comparing the collagen-I interactome in the presence or absence of ascorbate would provide insight into proteostasis network components that differentially engage collagen-I under ERretention versus secretion-promoting conditions. After elution from stringently washed antibody beads, samples were further processed and tryptic peptides were injected on a Thermo QExactive LC-MS/MS. Peptides were then identified and quantified using the Mascot Database and Proteome Discoverer. 27 Approximately 60% of the peptides identified by this workflow in the heavy and medium samples correspond to either collagen-α1(I) or collagen-α2(I), indicating that we are strongly enriching the bait. A total of 171 proteins were identified across all samples, and 91 of those proteins were quantified with heavy:light and/or medium:light ratios (see Table S2 for the complete data set). In Table 1 , we present the results for all high-confidence interactors defined by meeting the following additional criteria: (1) ≥2 unique peptides identified in ≥2 biological replicates and (2) an average enrichment in either the heavy or medium sample ≥2-fold relative to the light control sample (or complete absence from the light sample). We categorize these high-confidence components of the collagen-I interactome based on their expected functions in the ER, grouping complexes where appropriate, and rank the proteins within each category based on their relative enrichment in the heavy-labeled (ascorbate-treated) sample.
The result is the first map of the collagen-I proteostasis network ( Table 1 and Figure 4B) , comprising a total of 48 proteins and encompassing interactors with previously unknown, poorly characterized, and already well-characterized roles in collagen-I maturation. Importantly, several features of the data support that our workflow identifies the bona fide collagen-I interactome. First, we note that >80% of the interactors are unequivocally localized to the secretory pathway (Figure 4C) , where collagen-I is targeted for folding and modification. Although interactors that are not localized to the secretory pathway may be artifacts, considering the overall reliability of our data set (further verified below) it is also possible that annotations are incomplete or that these interactors engage collagen-I that has been transported from the ER for quality control purposes. Second, we are only identifying a small percentage of the known ER proteome, 28 indicating that we are maintaining high specificity for actual collagen-I interactors. Third, of the 48 proteins identified, approximately 30% already have well-characterized roles in collagen-I maturation. Indeed, we successfully identified all the most prominent known players in collagen-I proteostasis, particularly notable in the collagen-specific chaperones, PPIase, and collagen modification groups ( Table 1 and Figure 4B) . Indeed, two well-established collagen-I chaperones, HSP47 9 and PPIB, 29 are the most highly enriched of all the proteins identified. We also identify FKBP10, an ER PPIase whose absence causes autosomal recessive osteogenesis imperfecta. 30 The robust enrichment of these known collagen-I proteostasis network components enhances our confidence in the entirety of the dataset. Of the 34 remaining high-confidence proteins in our interactome, 29 putative interactors have, to the best of our knowledge, ill-defined or previously unknown roles in collagen-I proteostasis (indicated by "*" in Table 1 ). The other five interactors have been implicated in collagen-I proteostasisrelated functions, although mechanistic characterization remains incomplete.
Experimental Validation of the Collagen-I Proteostasis Network Map
Prior to our MS studies, we established an efficient protocol for ensuring well-known collagen-I proteostasis network components co-IP with the HA-collagen-α1(I) (see Figures  3C and S2) . To ensure that the other ~35 proteins with ill-defined roles in collagen-I proteostasis that we identified were not artifacts, we performed the same co-IP/immunoblot analysis on a panel of the new putative interactors. Of the ten new interactors tested, we observe robust, immunoblot-detectable co-IP of nine: Erp44, Golim-4, reticulocalbin-1, protein disulfide isomerase-3 (PDIA3), protein disulfide isomerase-4 (PDIA4), Erdj3, HYOU1, Erp29, and ER oxidase-like protein 1 (Ero1L) (Figure 5A) . Calumenin was the only tested interactor that could not be positively identified, possibly because the calumenin protein runs at the same location as the HA-antibody light chain on an SDS-PAGE gel, rendering detection difficult as both our HA antibody and the calumenin primary antibody were produced in mice.
Although the HT-1080 Col-I cell line is ideal for MS studies, as it does not express potentially confounding endogenous collagen-I, it could theoretically introduce false positives. We next employed IPs and immunoblotting to explore whether interactions are recapitulated in Saos-2 osteosarcoma cells that natively express collagen-I. 31 We prepared stable Saos-2 cells that inducibly express our HA-tagged collagen-α1(I) construct under control of the tetracycline repressor (see Supporting Information) and probed the crosslinked co-IP for putative interactors from Figure 5A . The majority of the interactions tested are clearly recapitulated in Saos-2 cells (Figure 5B) , although a few proved difficult to detect likely owing to the fact that low levels of the HA-tagged collagen-α1(I) are competing for proteostasis network interactions with abundant endogenous collagen-I in Saos-2 cells. This high reproducibility across multiple cell lines of the novel putative collagen-I interactions observed in our HT-1080 Col-I cells engenders further confidence in our map of the collagen-I proteostasis network (Table 1 and Figure 4B ).
Next, we obtained lentiviruses expressing shRNAs (see Table S3 ) against a select set of the putative collagen-I interactors we identified. We generated fifteen stable Saos-2 cell lines in which a single interactor was uniquely knocked down (see Figure S3A for qPCR validation of knockdown cell lines). To discern effects of each knockdown on collagen-I secretion, we differentiated Saos-2 cells for three days to stimulate endogenous collagen-I secretion, 32 and then analyzed collagen-I levels in the corresponding media samples using immunoblotting (Figures 5C and S3B) . Our results confirm that many of these interactors are relevant to collagen-I proteostasis. For example, RCN1, Ero1L, SPARC, and TGM2 knockdowns considerably enhance collagen-I secretion. RCN1 is particularly intriguing because it is an abundant ER protein that currently has no well-defined function beyond calcium binding. 33 These findings further validate our collagen-I interactome and, most importantly, very strongly motivate follow-up studies to delineate the molecular mechanisms of action of these interactors in collagen-I proteostasis. We also note that there are minimal effects on collagen-I secretion induced by knockdown of several of the novel collagen-I interactors identified by MS, including Erdj3 and calumenin. Considering the overall demonstrated reliability of our interactome (see results both above and below), it is perhaps most likely that these interactors play roles in collagen-I production that are simply not possible to discern in a secretion assay-or that they are most important under other conditions, such as when collagen-I is misfolding (e.g., in the collagenopathies).
A particularly surprising discovery from our proteomics data is the observation that collagen-I robustly interacts with aspartyl-asparaginyl β-hydroxylase (ASPH). Asp hydroxylation in collagen has not been previously reported, to the best of our knowledge.
Supporting an actual role for ASPH in collagen-I biosynthesis, our MS data on collagen-I immunoprecipitated from HT-1080 Col-I cells is consistent with hydroxylation of both Asp71 and Asp72 in the N-propeptide domain of collagen-α1(I) (Figure 5D ). As expected, the MS1 spectrum indicates that the modified peptide is more prominent in the ascorbatetreated, heavy sample. To address the possibility that the result is an artifact of working in HT-1080 cells, we also performed MS analyses on collagen-I immunoprecipitated from Saos-2 media, and again identified apparent Asp hydroxylation specifically on Asp71 of collagen-α1(I) (Figure 5E) , providing further confirmation that Asp hydroxylation is a native collagen-I N-propeptide modification. Asp hydroxylation in collagen-I has likely been previously overlooked because traditional MS protocols for analysis of collagen begin with proteolytic removal of the propeptides. Intriguingly, ASPH mutations were very recently identified as causative factors in facial dysmorphism, 34 supporting a possible role in the maturation of extracellular matrix proteins like collagen-I and motivating further mechanistic work in this area.
Cumulatively, the observations that a diverse set of putative collagen-I interactors do indeed engage collagen-I across multiple cell lines and that numerous members of a panel of shRNA-mediated knockdowns of those interactors modulate collagen-I secretion provides compelling validation of our map of the collagen-I proteostasis network. Equally important, we are able to identify a probable functional consequence of an unanticipated collagen-Iinteraction with ASPH-the apparent hydroxylation of at least one collagen-I N-propeptide Asp residue. Such a discovery is made possible by our proteomics-guided approach to understanding collagen-I proteostasis.
Mechanistic Studies Suggest a Role for Erp29 in Collagen-I Proteostasis
Collagen-I secretion from cells that endogenously produce the protein (including Saos-2 cells) is significantly reduced in the absence of ascorbate. 35 Therefore, we anticipated that quality control mechanisms might engage collagen-I to a greater extent in the absence of ascorbate (ER-retention conditions). A log 2 scatter plot of collagen-I interactor enrichment under secretion-promoting conditions versus ER-retention conditions (Figure 6A) initially suggests that the interactomes in the presence or absence of ascorbate are similar, consistent with ascorbate-mediated regulation of collagen-I secretion occurring primarily at the level of transcription/translation. 36 Nonetheless, under-hydroxylated collagen-I produced in the absence of ascorbate is retained in the ER to a significant extent, 22 implying that there are likely to be quality control or ER retention factors that can recognize immature collagen-I and help prevent its secretion. A closer examination of functional subsets of the collagen-I proteostasis network under collagen-I secretion-promoting versus ER-retention conditions (Figure 6B ) reveals quantitatively enhanced collagen-I engagement under ER-retention conditions both for the HSP40/70/90 class of chaperones and for proteostasis network components functionally or structurally related to disulfide bond formation/shuffling and cellular redox chemistry, including PDIA3, PDIA4, Erp44, Erp46, Erp29, 37 and the peroxiredoxins. 38 The observation of new ER proteins related to disulfide bond formation/ shuffling in the collagen-I proteostasis network was anticipated by us, because both the Nand C-terminal propeptides of collagen-I are cysteine-rich. However, the discovery that these collagen-I interactors engage collagen-I to a greater extent under ER-retention conditions prompted us to further investigate their mechanistic roles in collagen-I proteostasis.
Following the experimental protocol employed in Figure 5C , we began by using shRNAexpressing lentiviruses (see Table S3 ) to attempt to stably knockdown the new putative collagen-I interactors PDIA3, PDIA4, Erp44, Erp46, and Erp29 in Saos-2 cells. Interestingly, we found that PDIA3-, PDIA4-, Erp46and ERP44-targeting shRNAs are highly toxic to Saos-2 cells, potentially implicating them as having a critical function in cells that endogenously express collagen-I. However, as noted above, we were able to deplete Erp29 to ~20% of normal levels in stable Saos-2 cells (Figure S3A) . Erp29 depletion does not obviously impact collagen-I secretion under secretion-promoting (ascorbate-treated) conditions (see Figure 5C ), nor does it inordinately stress Saos-2 cells, as indicated by a lack of chronic unfolded protein response activation (Figure S3C) . Intriguingly, upon analyzing collagen-I intracellular steady-state levels and secretion under ER-retention conditions, we observe that Erp29 knockdown has the dual effects of decreasing intracellular collagen-I levels while simultaneously increasing collagen-I secretion (Figure 6C) . Because collagen-I cannot be properly hydroxylated in the absence of ascorbate, this observation implicates Erp29 as playing a critical role in collagen-I maturation and retaining immature collagen-I in the ER (Figure 6D) .
Erp29 is an abundant and widespread component of the ER proteostasis network, 39 displaying a thioredoxin (PDI-like) fold but lacking any catalytic activity for disulfide bond isomerization. 37 In the past 20 years, a number of groups have explored possible roles for Erp29 in the proteostasis of CFTR, thyroglobulin, and viral proteins. [40] [41] [42] [43] These studies have led to various suggestions that Erp29 may accompany nascent proteins out of the cell, 41 that it may have a role in ER client protein maturation, 42 or that it could assist the folding of certain complex plasma membrane proteins. 43 Our findings here, informed by MS-based proteomics in our new collagen-I expression platform, suggest a novel function for Erp29-retaining immature collagen-I in the ER to prevent secretion of potentially damaging, improperly modified, and unstable forms of the protein into the extracellular matrix ( Figure  6D) .
Concluding Remarks
Altogether, this work provides numerous valuable resources for continued studies of collagen-I biogenesis. First, we have generated a panel of cell lines inducibly expressing antibody epitope-tagged collagen-I strands with validated molecular properties. Key advantages of our cell-based platform include the abilities to orthogonally visualize and quantify different collagen-I strands in a single experiment, as well as to reliably IP collagen-I with MS-grade antibodies. This platform can be easily leveraged in the future to model the autosomal dominant collagenopathies in a manner that allows differential quantification of mutant and wild-type collagen-I strands. Second, we have generated the first map of the collagen-I proteostasis network (Figure 4B) using our antibody epitopetagged collagen-I expressing cell lines and quantitative MS-based proteomics. Validation efforts not only confirm a number of putative new interactors, but also unveil an unanticipated collagen-I post-translational modification (Asp hydroxylation). The results yield new insights into the ER proteostasis network components likely involved in collagen-I biogenesis, providing a roadmap for ongoing and future studies of collagen-I folding, quality control, trafficking, and post-translational modification. Third, we delineate a previously unknown role for the abundant but ill-characterized Erp29 protein in collagen-I surveillance under ascorbate-deficient, ER-retention conditions.
Cumulatively, the work here highlights the usefulness of our platform for biochemical studies of collagen-I proteostasis, both for discovery and for hypothesis testing. Continued development of the platform and mechanistic studies on the newly identified collagen-I interactors will provide further important insights into how cells handle this critical scaffold for animal life. Furthermore, we anticipate that our findings here will prove relevant for the twenty-seven structurally-related collagen types and other fibrous extracellular matrix proteins, as well as lead to potential new targets to help resolve disease-associated collagen misfolding.
METHODS
Plasmids
The human Col1A1 and Col1A2 genes were obtained from Origene. Col1A1 was amplified using primers with NotI and SalI sites, while Col1A2 was amplified using primers with NotI and EcoRV sites. DNA encoding the pre-protrypsin signal sequence, appropriate antibody epitope tags, and the NotI, SalI, and EcoRV sites was inserted into a pTRE-Tight vector (ClonTech). Collagen-I genes were then inserted into the modified pTRE-Tight vectors. 
Cell Culture and Transfections
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Author Manuscript linear markers for puromycin or hygromycin resistance were performed using XFect (ClonTech). Stable HT-1080 lines were selected by culturing in 150 μg/mL hygromycin or 0.25 μg/mL puromycin, as appropriate, as well as continuously cultured in 100 μg/mL of G418 to maintain the tetracycline transactivator and 1 ng/mL dox to suppress collagen-I expression. Collagen-I expression in HT-1080 cells was induced by plating cells in 10% Tet-Approved FBS (ClonTech) complete DMEM supplemented with 50 μM ascorbate for 48 h, with ascorbate replenishment every 24 h, unless otherwise noted. Stable Saos-2 cell lines inducibly expressing HA-collagen-α1(I) were generated by lentiviral transduction as described in the Supporting Information. Healthy primary patient fibroblasts (GM05294 from Coriell) were cultured in complete EMEM containing 15% FBS. Collagen-I production by the primary fibroblasts was stimulated by treating with 200 μM ascorbate for 48 h.
Immunoblotting
Lysate and media samples were separated by SDS-PAGE and analyzed by immunoblotting using the LI-COR Biosciences Odyssey System. Details of IP experiments and antibodies used are in the Supporting Information.
Quantitative RT-PCR
The relative mRNA expression levels of target genes were measured using quantitative RT-PCR (see the Supporting Information and Table S4 for details).
Confocal Microscopy
Detailed protocols are provided in the Supporting Information.
Pulse-Chase Analyses
Protease Digestions
Collagen-I was precipitated from media as previously described. 44 Precipitated pellets were resuspended in 400 mM NaCl, 150 mM Tris (pH 7.5). Samples were aliquoted and treated with trypsin or chymotrypsin (0.1 mg/mL final concentration) 18 prior to analysis by immunoblotting to determine the extent of stable triple-helix formation.
MS Sample Preparation and Analysis
HT-1080 Col-I cells were propagated for >6 passages in light, medium, or heavy SILAC media (light media was supplemented with Lys ( 12 C 6 , 99%; 14 N 2 , 99%) and Arg ( 12 C 6 , 99%; 14 N 4 , 99%); medium media was supplemented with Lys ( 13 C 6 , 99%; 14 N 2 , 99%) and Arg ( 13 C 6 , 99%; 14 N 2 , 99%); heavy media was supplemented with Lys ( 13 C 6 , 99%; 15 N 2 , 99%) and Arg ( 13 C 6 , 99%; 15 N 4 , 99%); Cambridge Isotopes). All media were supplemented with 2 mM unlabeled proline. Collagen-I co-IPs were prepared and MS analyses performed as described in the Supporting Information.
Saos-2 Stable Cell Line Generation and Secretion Analysis
Cells were transduced with shRNA-encoding lentiviruses, stably selected using hygromycin or puromycin, and analyzed for collagen-I secretion under differentiation conditions. See the Supporting Information for a detailed protocol. Figure S3 .
(D) MS1 and MS2 spectra with respective peaks assigned for a peptide whose fragmentation pattern is consistent with aspartyl-hydroxylation at residues Asp71 and Asp72 (numbering beginning at collagen-I's start codon) in the N-propeptide of collagen-α1(I) immunoisolated from HT-1080 Col-I cells.
(E) MS2 spectrum with respective peaks labeled that is consistent with aspartylhydroxylation at residue Asp71 of collagen-α1(I) immunoisolated from Saos-2 media. For both (D) and (E), asterisks (*) indicate the site of a hydroxylated aspartate or alkylated cysteine. b-Ions are fragments of the parent ion, originating at the N-terminus and extending the number of amino acids into the peptide, as indicated. y-Ions are the same, but originating at the C-terminus of the peptide. 
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